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© Measurement apparatus using heterodyne phase conversion techniques. 



© Precision displacement and load measurements 
dependent upon the intensity or attenuation of a 
signal, as by use of Moire fringe gratings or 
photoelastic load cells, are made using speed-of- 
light ranging techniques based on heterodyne fre- 
quency conversion with multiple phase-locking. Coil- 
ed optical fibres introduce phase delays in radio- 
frequency-modulated laser rays which are then com- 
pounded in phase by selective signal attenuation 
and merger. The phase is then measured by high 
precision circuits Involving ceramic filters and trans- 
lated into position or load data. Machine tool control 
and strain gauge applications are described. The 
ceramic filter circuit generates a signal measuring 
rate of change of displacement as a by-product, 
thereby facilitating measurements involving rapid 
motion. 
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FIELD OF INVENTION 

In Its primary application this invention relates 
to a new form of load cell which comprises a 
photoelastic element interrogated optically in a di- 
rect and simple way which affords a precise mea- 
sure of the strain-related force applied to the cell 
when loaded. Typical uses of the load cell include 
weight measurement or as a means for sensing 
and monitoring strains in structures generally. 

However, the invention in its broader sense 
concerns apparatus in which the relative intensities 
of two optical signals having a common source and 
th same high frequency has to be measured with 
high precision and which has intrinsic features such 
as reliability, stability, immunity from external dis- 
turbance and adaptability for use in remote moni- 
toring. 

The invention, in its broadest sense, provides a 
measure of the degree of attenuation of a signal 
Intensity which offers more reliability, precision and 
higher resolution than conventional measurement 
techniques. 

Apart from the photoelastic load cell applica- 
tion, a typical application of the invention would be 
one where displacement of a carriage or test probe 
in a machine tool is to be measured by sensing 
variation in the optical intensity of a light source as 
seen through a Moire fringe grating system of 
which the movable grating shares the displacement 
being measured. 

BACKGROUND OF THE INVENTION 

The invention has evolved from research on 
precision range measurement by the use of a het- 
erodyne technique of phase sensing of radio fre- 
quency modulated optical laser signals, the subject 
of U.S. Patent Serial No. 5.162. 862 dated Novem- 
ber 10th. 1992. 

The measurement of fluctuations in the inten- 
sity of an electrical signal, particularly an optical 
signal, with the purpose of sensing the degree of 
attenuation owing to the position of some obstruct- 
ing object in the signal path, is extremely difficult if 
the measurement Is to be divorced from fluctu- 
ations of the signal source intensity. Power supply 
variations and temperature variations at the signal 
source are a major problem confronting the design 
of occultation systems in the machine tool industry. 
Whenever active components are used in elec- 
tronic circuits, as for introducing a delay, the power 
supplies and inherent stability problems of the 
components can seriously impair performance. 

The invention to be described exploits a tech- 
nique designed to measure the phase difference 
between two signals, but applies this instead to a 
measure of relative attenuation of those signals. 



The resulting structure is novel and the tested 
result Is a surprising and unexpectedly precise 
measure of signal attenuation with very high resolu- 
tion. The technique makes possible measurem nts 
5 which have not hitherto been possible in industrial 
applications. By avoiding the use of circuits and 
special components previously deemed essential in 
such applications, there are very substantial cost 
savings and so the invention, in one of its applica- 
10 tions. provides a major step forward in machine 
tool technology. 

It is well known to measure phase by am- 
plitude measurement and addition and this is the 
most common method of determining the phase 
76 difference between two equal amplitude sinusoidal- 
ly varying signals. This technique is reasonably 
cheap to implement but has limited resolution since 
amplitude measurement is notoriously difficult to 
isolate from external influences. For this reason 
20 phase measurement is better accomplished by di- 
rect timing of the interval between the zero cross- 
ing point of one sine wave signal and the zero 
crossing point of the other. The resolution is then 
limited by the ratio between the much higher fre- 
25 quency of a timing clock and the frequency of the 
measured waves. 

There is in this latter case also the problem of 
the speed and accuracy with which the zero cross- 
ing points can be sensed, but a very substantial 
30 advance In the technology of such measurement 
has recently been achieved and is the subject of 
the above-referenced U.S. Patent Serial No. 
5,162,862. 

The subject invention develops the latter tech- 

35 nology in a novel way by using it indirectly as a 
phase measure which can. by a reverse mode of 
measurement, provide a measure of signal inten- 
sity attenuation cheaply and with high precision 
and high resolution. 

40 Usually, when the signals are at high frequency 
then the phase or Intensity attenuation measure- 
ment problem becomes far more difficult. However, 
as will be seen, a high frequency system offers 
scope for the use of passive components in a 

45 special way in the implementation of this invention. 
The result is an ovenft^helming advantage for the 
high frequency system. Indeed, the high frequency 
has proved a key contributor to the quality of 
resolution and the reliability and precision of the 

50 measurement, whilst the technology of U.S. Patent 
Serial No. 5,162,862 is brought to bear to assure 
precision in the phase quantity which translates 
into a signal attenuation measure. 

As already stated, a principal specific applica- 

55 tion of the invention is in connection with 
photoelastic load cells but the description below 
will first be concerned with the more general ap- 
plication to sensors in precision machine tools. 
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Here the measurement of linear displacements Is 
now routine in automated processes. An automatic 
lathe, for example, may involve what are known as 
Moire gratings in which one grating is attached to 
the work and moves across a stationary grating. 
Light that has passed through the gratings is re- 
ceived by a photo-cell and varies in intensity as the 
movement of the work causes a Moire fringe to 
cross the field sensed by the photo-cell. The output 
of the photo-cell controls the displacement of the 
work in a predetermined manner as part of the 
regulated machining process, but the operation re- 
lies on the precise measure of position interpolated 
to fractions of a fringe distance. That measure Is 
judged in terms of the light intensity as a propor- 
tion of the maximum intensity. Hence the need for 
precision measurement of electric signal intensity 
control systems used in the machine tool industry. 

Another typical application is concemed with 
the measure of change of resistance in strain 
gauges attached to pipework In chemical plants, oil 
rigs etc. Here the variation of electric signal 
strength relative to a datum signal becomes a 
measure of mechanical strain which affects that 
resistance. However, the strain gauge need not be 
a resistance strain gauge, but could, within the 
terms of this invention, become one based upon 
optical techniques for measuring displacement, 
possibly also using the Moire fringe gratings. In 
either case, however, there is the need to measure 
the degree to which the intensity of a signal is 
affected by an attenuating action that is a measure 
of the physical displacement in which one is inter- 
ested. 

The subject of the above-reference U.S. Patent 
no. 5,162,862 is a heterodyne conversion technique 
having novel phase-locked loop connections co- 
ordinating a master transmitter oscillator and two 
receiver circuits under the control of another os- 
cillator. The disclosure suggested application as an 
optical radar measurement system by which the 
flight time of light reflected from a target is used as 
the measure of range. There are features of that 
prior invention that find application in a structure 
embodying the subject invention and which are 
essential to realise its primary advantages but, as 
will be seen, further inventive concepts are needed 
to provide an operative system as defined by this 
invention. 

BRIEF DESCRIPTION OF THE INVENTION 

It is the object of this Invention to extend the 
scope for using the technology of that earlier inven- 
tion in a non-obvious way which is specially ad- 
vantageous. 

According to the invention, precision measure- 
ment apparatus in which the condition or position 
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of an optical transducer element Is represented by 
the relative attenuation of the intensities of two 
optical signals both derived from a common laser 
source which produces a light ray amplitude-modu- 

5 lated at a radio frequency, is characterized in that 
(a) there are circuit path means for dividing an 
input from the laser source between a plurality of 
circuit paths each conveying a transmitted signal at 
the speed of light (b) propagation delay means in 

70 at least one of the paths for retarding the respec- 
tive transmitted signal, whereby the transmitted 
signals have different phase at the radio frequency 
(c) an optical transducer element positioned in the 
paths of the transmitted signals and operative to 

75 adjust relative signal intensity in dependence upon 
the state of the apparatus requiring measurement 
and as determined by that transducer, (d) circuit 
means for recombining the transmitted signals after 
attenuation to provide as a received signal a single 

20 electrical output, and (e) signal processing means 
for measuring the phase of the electrical output 
relative to the radio frequency modulating signal 
input controlling the laser and interpreting this to 
provide the required measurement, the signal pro- 

26 cessing means incorporating (f) heterodyne conver- 
sion means, whereby a phase-locked version of 
either the signal input or the electrical output is 
mixed with the other in each of a pair of mixer 
circuits to produce two throughput signals having 

30 an extended time-spaced measure of the phase. 

According to a feature of the invention, the 
circuit path means divide the input between two 
circuit paths and the apparatus is characterized in 
that the propagation delay means in one path com- 

35 prise an extended path length which is effective at 
the propagation speed of the optical signal to re- 
tard its modulation waveform in that path by a 
quarter wavelength relative to that of the signal in 
the other path. 

40 According to an alternative feature of the inven- 

tion, the circuit path means divide the input be- 
tween three circuit paths and the apparatus is 
characterized in that the propagation delay means 
in two of the paths comprise extended path lengths 

45 which are effective at the propagation speed of the 
optical signals to retard their modulation waveforms 
by one third of a wavelength and two-thirds of a 
wavelength, respectively, relative to that of the sig- 
nal in the other path. 

50 According to another feature of the invention, 
the signal processing means for measuring the 
phase of the electrical output relative to the signal 
input comprise (a) timing means (b) an electronic 
circuit controlling the timing means and incorporat- 

55 ing detector means responsive to said signal input 
and said electrical output to provide a measure of 
their relative phase shift, (c) signal amplitude con- 
trol means for adjusting the amplitude of at least 

3 
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one of the electrical Input or the electrical output to 
bring their strengths into matching relationship and 
(d) two separate frequency conversion means of 
similar design, one being connected to respond to 
the signal input and the other being connected to 
respond to the electrical output to frequency-shift 
both by an identical reducing amount before they 
are supplied to the timing means, whereby to pro- 
vide the phase input to the timing means at a 
longer wavelength and so extend the time measure 
representing phase, there being two parallel cir- 
cuits, one through each frequency conversion 
means, and each comprising a ceramic filter and a 
mixer circuit but the apparatus Is characterized in 
that one ceramic filter has fine-tuning control 
means and is slightly offset in frequency tuning 
with respect to the other ceramic filter, whereby to 
provide a speed data signal representing the rate 
at which the measured phase changes, which sig- 
nal provides data processing input for interpretation 
in the signal processing means in providing the 
measurement and whereby the ceramic filters each 
obstruct throughput of all but a pure sinusoidal 
signal which is fed onwards as input to a cor- 
responding mixer circuit, where it is subjected to 
heterodyne downconversion of frequency by mix- 
ing with a signal of a different control frequency 
supplied to both mixer circuits, the resulting output 
signals from these two parallel circuits providing 
the inputs for phase difference measurement in the 
timing means, whereby a phase-locked version of 
either the signal input or electrical output is mixed 
with the other to produce an extended time-spaced 
measure of their phase difference. 

According to a further feature of the invention, 
the optical rays from the laser source are carried 
by optical fibres, divided along different paths and 
merged into a single ray after passage through an 
optical occultation system and the apparatus is 
characterized in that the laser source has its optical 
output modulated in intensity sinusoidally at a high 
MHz frequency to provide a signal input character- 
ized in phase by the waveform of the modulation at 
the MHz frequency and the propagation delay ar- 
ises from the passive action of transmission 
through an optical fibre coiled to provide added 
path length, the modulation waveform being the 
basis of the phase-lock action when processed 
electronically in the heterodyne conversion means. 

According to a still further feature of the inven- 
tion, the apparatus is characterized in that the 
heterodyne conversion means derives its signal 
input to the relevant mixer circuit from direct con- 
nection between the laser and a ceramic filter 
supplying the mixer circuit, whereby the hetero- 
dyne conversion means operates with phase-lock- 
ing as between a transmitting source and both 
receivers comprising the two mixer circuits. 



In another feature of the invention, the optical 
transducer element is a photoelastic sensor used 
for the measurement of mechanical stress, and the 
apparatus is characterized in that the signal attenu- 
5 ation means comprise two coacting stress sensor 
elements formed from photo-elastic material rigidly 
coupled to a stress input arm which when subject 
to an applied force affects the stress in the two 
elements differentially and thereby causes the light 
10 attenuation properties of one element to vary with 
respect to that of the other element in measure 
related to the applied force. 

A further feature provides that the apparatuf is 
characterized in that the sensor elements each 
75 have light polarizing gratings, mounted on opposite 
surfaces and arranged in a cross-polarized manner 
on these opposite surfaces in a light ray path so 
that in the absence of applied stress affecting an 
element light throughput is obstructed, but when 
20 stress is applied to modify the tight polarizing 
action of the element the overall light attenuation 
property of the element changes with applied 
stress to thereby facilitate the stress measurement 
in terms of that attenuation. 
25 An alternative feature of the invention provides 
that the optical transducer element is a load cell of 
photoelastic material, and there is a monochromatic 
laser source of polarized light providing input along 
a ray path through the load cell, the apparatus 
30 being characterized in that a plurality of polarizing 
filters are incorporated in light intensity sensing 
means positioned to sense the light output from the 
ray path after passage through the load cell, said 
light intensity sensing means being responsive to 
35 the relative intensity of the separately polarized 
components of the light output as supplied through 
the different polarizing filters, and electronic circuit 
means which provide output data representing a 
measure of that relative intensity as an indication of 
40 a stressed condition of the load cell. 

In this latter form the apparatus may be further 
characterized in that it incorporates two laser sour- 
ces having different monochromatic frequencies 
which provide two optical signals which provide a 
45 supplementary test facility to supplement the pri- 
mary measure using a single laser source, the two 
optical signals being, for the purpose of this sup- 
plementary test, merged into a composite light ray 
as input to the load cell, both optical signals being 
50 amplitude-modulated by the same radio frequency 
signal, whereby, owing to the extended wavelength 
of their beat period, a beat frequency signal set up 
between the two monochromatic frequencies 
serves as a fine measure of a load condition pre- 
ss ducing that stress condition, thereby increasing the 
resolution sensitivity of the measurement. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows schematically a system according 
to the invention such as might be used in a ma- 
chine tool for measuring the linear displacement of 
a carriage on which a cutting tool is mounted. 

Fig. 2 shows what is meant by a Moire fringe. 

Fig. 3 shows a plan view of an optical strain 
gauge device which could be used with the inven- 
tion. 

Fig. 4 shows a side sectional view of the de- 
vice of Fig. 3. 

Fig. 5 shows schematically the heterodyne 
conversion system used in the system of Fig. 1 . 

Fig. 6 shows a schematic optical circuit ar- 
rangement embodying the invention and using a 
single laser input source with a two-way-divided 
phase-delay. 

Fig. 7 shows a schematic optical circuit ar- 
rangement embodying the invention and using a 
single laser input source with a four-way-divided 
phase-delay. 

Fig. 8 shows a schematic representation of part 
of an optical circuit arrangement embodying the 
invention and using a dual laser input source hav- 
ing two monocromatic frequencies and which can 
serve as input to the circuits of Fig. 6 and Fig. 7. 

Figs. 9. 10, 11 and 12 show a series of dif- 
ferent load cell configurations which can be used in 
conjunction with the apparatus provided by this 
invention as described by reference to Figs. 6, 7 or 
8. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention will first be described by refer- 
ence to an embodiment which utilises a Moire 
fringe grating system to measure displacement of a 
work carriage in a machine tool. In effect, this 
optical grating system is used as an encoder by 
which to generate the signal data by which the 
displaced position of the work carriage is encoded. 

Referring to Fig. 1 a laser tight source 1 
housed within control unit 2 supplies a modulated 
input to an optical fibre 3. The modulation is im- 
posed by controlling the laser intensity in response 
to an electrical signal at 10.7 MHz. The details of 
the circuit associated with this modulating signal 
source will be described below by reference to Fig. 
5, but it is noted here that this latter circuit has 
certain operational features which are of the form 
already described in the specification of U. S. Pat- 
ent Serial No. 5.162,862. The electronic unit 4 
represents the circuit disclosed in Fig. 5. 

The heterodyne conversion action of this unit 4 
was intended in this earlier patent disclosure to 
provide a precise measure of the distance a propa- 
gated signal travels in transit to a target and in 



returning to a receiver adjacent the source. In its 
combination with the system, as shown in Fig. 1, it 
operates to measure the condition of a remote 
sensor, the Moire grating system 5, the merit of the 
5 combination arising from the fact that that condition 
as an optical signal intensity is translated into a 
phase shift which is the quantity measured on an 
extended time scale by the heterodyne unit 4. 

The optical signal conveyed by the optical fibre 
10 3 can be caused to divide to flow along three 
channels by connector 6 which couples with three 
optical fibres 7 and 8 and 9. In some applications it 
suffices to use only two channels and omit the fibre 
9. In the latter case, fibre 8 is wound to provide a 
76 delay line so that at the ends of fibres 7 and 8 the 
optical signals have the same modulation frequen- 
cy but the modulation of one signal is phase shift- 
ed by an amount up to 90 degrees relative to that 
of the other signal, the phase shift being predeter- 
20 mined by the added length of the delay line. This 
is provided by appropriate coiling of the optical 
fibre. Where the three fibres are used, fibres 8 and 
9 would respectively shift the phase of the signal 
by 120 degrees and 240 degrees relative to that in 
26 fibre 7. The Moire grating system 5 comprises a 
fixed grating and a movable grating, the movable 
grating being attached to the work carriage 10 of a 
machine tool. 

Fig. 2 shows how two identical transmission 
30 gratings interact to create an optical pattern. Each 
grating consists of alternate opaque and transpar- 
ent elements of equal width. If these gratings are 
placed face to face with their rulings inclined at a 
small angle, and viewed against a bright back- 
36 ground, no light will be transmitted where the opaq- 
ue parts of one grating overlap the transparent 
parts of the other. There is, however, an optical 
pattern formed by so-called 'Moire' fringes. As the 
movable grating slides across the other grating in 
40 the X direction, so the fringe pattern travels in the 
Y direction. For a small angle of inclination of the 
rulings on the respective gratings, a small displace- 
ment in the X direction can be sensed as a quite 
large change in the pattern in the Y direction. 
45 Therefore light throughput sensed by detectors 
spaced in that Y direction by a Moire fringe inten/al 
can be sensitive to the X movement through the 
much smaller spacing distance of the rulings on 
the gratings. 

50 Referring again to Fig. 1, this shows three 

optical fibres (not numbered), the input ends of 
which are positioned to sense tight rays transmitted 
through the grating system and sourced in fibres 7, 
8 and 9 respectively. The optical signals carried by 

55 these three optical fibres are combined by super- 
imposition using the connector 1 1 and form a com- 
posite signal which is the return signal supplied 
along optical fibre 12 to the control unit 2. 
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The overall effect of this arrangement is that 
the signal sent out on optical fibre 3 is subjected, 
in its transit around the circuit and through the 
intensity attenuating transducer formed by the Moi- 
re fringe grating system 5. to a phase shift which is 
partially attributable to the delay line feature and 
partly due to the sensing of the Moire fringes. By 
measuring that phase shift, and allowing for the 
delay tine shift as a scale reference, the measure- 
ment can be interpreted as a measure of the dis- 
placement of the work carriage 10. 

By using the three light paths the full cyclic 
range of phase is sensed and this allows the sys- 
tem to scan numerous Moire fringe wavelengths 
and so measure what can be quite large displace- 
ments in the machine tool. Were only two light 
paths used then the range of measurement would 
be over a range of intensity variation not associated 
with cyclic change, an example of which will be 
mentioned by reference to Rgs. 3 and 4. 

The role of the heterodyne unit 4 is to measure 
that phase shift with very high precision. The test 
results from a system working on these principles 
are such that the Moire grating system limits the 
resolution obtainable by virtue of the possible vari- 
ation of the grating angle. Owing, however, to the 
fact that such very high precision and stability can 
be achieved in the electronic system of the hetero- 
dyne unit 4, there are distinct advantages overall If 
the Moire fringe grating system is adapted in a way 
not subject to the angle setting of the rulings of the 
gratings. This is possible if the two interacting 
gratings have rulings of slightly different pitch. 
Then the Moire fringes are spaced in the X direc- 
tion of Fig. 2 and the two optical ray paths need to 
be spaced in the X direction in appropriate relation 
to the fringe width. 

There is much to be gained by desensitizing 
the angular dependence of the the Moire fringe 
transducer and using the beat frequency effect of a 
grating system using parallel rulings of different 
pitch. It has been found advantageous, therefore, to 
compromise the design and saaifice some of the 
resolution power of the heterodyne system to ex- 
ploit a more reliable operation of what is a down 
graded implementation of the Moire fringe arrange- 
ment. This, therefore, is an important feature of the 
subject invention. It will be understood by refer- 
ence to Rg. 2 that slightly inclined lines on the two 
gratings, if of equal pitch, will result in the dark 
fringe patterns travelling in the Y direction as the 
movable grating moves In the X direction. However, 
it requires very little fluctuation in the alignment of 
the gratings to cause the Moire fringe pattern to 
drift in a way which would introduce significant 
error in position sensing based on the movement of 
fringes in the Y direction. The fringe pattern in Rg. 
2 has been drawn with this in mind. The left hand 



side of the pattern shows a drift. Although the 
alternative grating pattern based on mutually par- 
allel lines of different pitch is not shown in the 
drawings, it is deemed that one can readily picture 

5 the effect of the fringes that would form in the latter 
case. They would by spaced in the X direction and 
affected by motion in the X direction, but their 
spacing would be regulated by the precision with 
which the pitch rulings on the gratings are applied 

10 in manufacture. This is not a variable affected by 
machine operation. Any operational irregularity of 
the pattern drift in the X direction would merely 
represent a non-amplified position change of the 
very machine part and it is this that one seeks to 

75 measure. 

Before explaining the operation of the hetero- 
dyne conversion system of Fig. 5, the optical strain 
gauge sensor application shown in Fig. 3 and 4 will 
be described. 

20 The sensor comprises an assembly of two 

blocks 20, 21 of photo-elastic material disposed on 
either side of a metal arm 22 to which a force or 
strain action is to be communicated. The base 
plate 23 of the sensor has two end brackets 24. 25 
25 which clamp the assembly in position and assure it 
is kept under compression. A force P applied in the 
direction shown will, therefore, put one block 20 
under additional compression whilst reducing the 
compression force on the other block 21. This 
30 action affects the polarization properties of the 
photo-elastic material constituting the two blocks. 

On opposite faces of each of the blocks 20, 21 
there are gratings 26 which act as polarizing filters. 
The gratings on the opposite faces are ruled at 
35 right-angles to each other (as depicted by the 
cross arrows) and so block light passage not sub- 
ject to change of polarization in intermediate tran- 
sit. However, owing to the effects of stress applied 
to the photo-elastic material, there is a relative 
40 change of polarizing action as between the two 
blocks. The result is that, as a function of the force 
or strain applied to the metal arm 22, light rays 
directed to pass through the gratings and through 
the blocks sandwiched between the pairs of grat- 
45 ings will be affected. Provided, therefore, the rela- 
tive attenuation of intensity of two light rays pass- 
ing each through a block can be measured, this will 
be a measure of the force and so the device will 
act as a strain gauge. Its effectiveness depends 
50 upon the precision with which the attenuation of the 
light intensity in transit through the sensor can be 
measured. It will, therefore, be understood from 
analogy with the three-path optical system of Fig. i 
how two optical fibr s (not shown in Figs. 3 and 4) 
55 can be positioned in relation to the optical ele- 
ments of the strain sensor to direct light to pass 
through blocks and how the light signal in transit 
can be captured by two optical fibres providing the 
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output signal. 

Referring now to Fig. 5, there are two crystal 
oscillator circuits 30. 31 both of which operate 
nominally at 10.7 MHz. The crystal oscillator in 
circuit 30 is the primary oscillator producing the 
reference frequency which, in this case, is used to 
amplitude-modulate the optical output from a laser 
32. Circuit 33 is located in an output channel be- 
tween circuit 30 and laser 32 and provides the 
optical drive for laser modulation. Separately, via 
another output channel, circuit 30 supplies an input 
to a frequency divider chain 34 which is part of a 
phase-locked indirect frequency synthesizer. This 
divider chain 34 generates an output having a 
phase fixed in relationship to that of the primary 
oscillator but a frequency which is 1/1024 of that 
frequency. 

The crystal oscillator in circuit 31 is subject to 
voltage control and produces a signal whose fre- 
quency and phase are subject to very sensitive 
response to this controlling voltage. The secondary 
oscillator is controlled to oscillate at a slightly lower 
frequency than the nominal 10.7 MHz, lower by 
some 10.45 kHz. The output from this oscillator is 
supplied along two channels, one of which feeds a 
frequency divider chain 35 which is also part of the 
phase-locked indirect frequency sythesizer. This 
divider chain 35 generates an output signal having 
a fixed phase relationship to that of the secondary 
oscillator but a frequency which is 1/1023 of that 
frequency. 

The objective of this circuit arrangement is to 
so control that voltage on the secondary oscillator 
as to assure that the two signals produced by the 
divider chains 34 and 35 are identical and have no 
phase difference. Accordingly, the signal outputs 
from chains 34 and 35 are supplied to the phase 
comparator circuit 36 which responds to slight vari- 
ations in relative phase so as to adjust the voltage 
signal supplied to the secondary oscillator in circuit 
31. 

Ceramic filter circuit 37 receives an input at the 
frequency of the reference crystal oscillator 30, 
taking this Input directly from the circuit of laser 32. 
Ceramic filter circuit 38, fornning part of a parallel 
circuit identical in all respects, except for a fine- 
tuning feature to be described, receives as input 
signal the output from photodetector circuit 39. The 
latter receives the incoming version of the optical 
signal transmitted by laser 32 and produces a 10.7 
MHz signal at the primary or reference frequency 
derived from modulation of the light signal. 
Photodetector circuit 39 includes appropriate am- 
plification stages and serves to produce an elec- 
trical output signal of similar strength to that sup- 
plied to filter circuit 37 with negligible phase shift. 

In the referenced disclosure of U.S. Patent 
Serial No. 5,162,662 a reflecting surface was the 
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target for an optical beam, but the technological 
principles apply equally to an outgoing signal sup- 
plied as an optical ray in passage through an 
optical fibre. In this case the target surface is 

5 replaced by the Moire grating system 5 of Fig. 1 In 
this case the action involves rays emerging from 
the ends of optical fibres in close proximity to the 
gratings. These rays pass through the grating and 
are subject to the attenuation of intensity of this 

10 occultation system before entering as input to op- 
tical fibres positioned to provide a return path for 
the optical signal incoming through optical fibre 12 
to enter the unit 4 by input to the photodetector 
system at 39 in Fig. 5. 

16 The ceramic filters in parallel circuits 37 and 38 

obstruct all but the pure sinusoidal form of the 10.7 
MHz received signals. Thus the outputs from ce- 
ramic filter circuits 37 and 38 are complementary 
signals at the same frequency 10.7 MHz and have 

20 a phase difference which is directly proportional to 
the distance being measured based on speed , of 
light propagation time. 

These ceramic filters are a most important 
feature in the circuit combination providing the opti- 

25 mum advantages of this invention. 

Both of the output signals from the ceramic 
filters should be subject to the mixing action need- 
ed to implement the heterodyne operation and a 
full description of that mixing action is given in the 

30 specification of U.S. Patent Serial No. 5,162,862. 

The second channel 10.68955 MHz signal out- 
put from the oscillator 31 is supplied to mixer 
circuits 40 and 41 which receive outputs from cir- 
cuits 37 and 38, respectively. These convert the 

35 10.7 MHz reference and photodetector signals to a 
frequency of 10.45 kHz, whilst retaining the dif- 
ferential phase information. The 10.45 kHz band- 
pass filters 42, 43 reject spurious mixing products 
from mixer circuits 40, 41 , respectively. High gain 

40 limiting amplifiers 44, 45 generate square wave 
output signals and these are fed to the timing and 
processor circuit 46 which is used for the signal 
Intensity measurement. 

The operation of the circuit shown in Fig. 5 will 

45 be understood from the known principles of hetero- 
dyne conversion upon which the system is based. 
The combination of the sythesizer technique for 
phase-locking the two oscillators and the hetero- 
dyne down-conversion process implemented via 

50 the mixer circuits 40, 41 and the bandpass filters 
42, 43 operates to make the ultimate measurement 
very precise as a measure of the phase shift result- 
ing from the attenuation of intensity of the light 
signal at the test position. 

55 Since the application shown in Fig. 1 Is to the 

measurement of displacement in a machine tool 
and the tool is constantly undergoing change of 
position, it is beneficial to incorporate in the design 

7 
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some means for measuring rate of change of that 
displacement. If the data processing controlling the 
measurement takes several data samples in rapid 
succession and computes an average for regulated 
control purposes, then this process can be made 
far more precise and implemented with ease with 
the particular circuit structure used In Fig. 5. The 
ceramic filter of circuit 38 is set slightly off-tune 
with respect to the 10.7 MHz reference frequency 
of ceramic filter of circuit 37. As a result of this 
there will be a small voltage difference as between 
the input and output of circuit 38 and this voltage 
will be a measure of the rate at which the phase of 
the signal is changing. Bearing in mind that phase 
is a measure of displacement, this voltage be- 
comes a measure of velocity and this is a valuable 
Input quantity in extrapolating to correct measure- 
ments made under rapidly changing conditions. 
Accordingly, in Fig. 5 the connections across cir- 
cuit 38 provide input to an amplifier 47 which 
supplies a data input signal to the circuit 48. The 
processor in circuit 46 computes updated values of 
the measured displacement and in a machine tool 
application provides control signals needed to reg- 
ulate the cutting tool. 

The switch controller 48 in Fig. 5 serves pe- 
riodically to supply identical signals as input to the 
parallel circuits and so provides a calibration facility 
needed to test the matched operation of both cir- 
cuit paths and thereby facilitate regulating adjust- 
ments. 

The methods of measurement of displacement 
described above have been incorporated in proto- 
type structures and the reliability and high preci- 
sion of the measurement has been verified, both 
for the system shown in Fig. 1 and that described 
by reference to Figs. 3 and 4. The circuit of Fig. 5 
is basic to both measurements. 

From the viewpoint of advancing the art, there 
is a major advance in that the use of a single light 
source with passive delay components has made 
the sensing of position in terms of a 90 degree 
(quarter wavelength) scan of a single Moire fringe 
spacing possible using the Fig. 5 circuit with a 
resolution of one part in 3500. Conventional Moire 
fringe interpolation is capable of resolution to only 
one part in 100 per fringe. 

With the three optical light fibre circuit paths of 
Fig. 1 the full 360 degree scan of a Moire fringe is 
possible and resolution to one part in 14.000 can 
be obtained. A second phase measurement system 
can be arranged to work in conjunction with the 
first system to read a second Moire grating of 
much larger pitch to give longer range scale data. 

The direct velocity measurement feature which 
utilizes the off-tune ceramic filter output via am- 
plifier 47 can sense and measure a velocity of 1 
nanometer per second for a 10 micron grid grating 



pitch. Thus when the index grating of the Moire 
fringe system travels across the standing grating 
the output from the phase sum will be a reduced 
carrier modulation frequency for a clockwise phase 
6 change and a higher frequency for a clockwise 
phase progression. Techniques of doppler frequen- 
cy measurements are well estabished in the art 
and are easily accomplished with very high preci- 
sion and so the velocity measurement can be very 
70 precise. When this is combined with the direct 
displacement measure, the normal difficulty of any 
system which uses an averaging algorithm to 
present an output measure is overcome. Good data 
can be obtained whilst the system is in motion 
75 owing to the extrapolation possible in computing 
change of position. Given this feature one can then 
design a system to perform its own diagnostic tests 
whilst transiently relying on the extrapolation data. 
Thus the switch controller 48 can be used, to cali- 
20 brate the operation of the circuit in an ongoing 
operational test environment. Furthermore a ma- 
chine tool can be operated from a datum position 
and the position data plus the rate of change of 
position data used over a range of displacement to 
25 perform verifying checks on the Moire grating sys- 
tem to assess if it is affected as by heat expansion. 

Essentially, therefore, the invention as so far 
described provides a very precise means of mea- 
suring displacement in machines used in an indus- 
30 trial environment. The merit of the invention lies in 
the achievement of such very high measurement 
precision using speed-of-light action in what is es- 
sentially a passive component system. The particu- 
lar circuit configuration based on the ceramic filters 
35 and the crystal oscillators with the heterodyne con- 
version and phase-lock linking the two receiver 
channels with the transmitter performs in a quite 
remarkable way in tests and yet uses standard 
radio circuit components. Though first designed for 
40 use in a radar-type of range measurement based 
on modulated light rays reflected from a target, the 
circuit has proved surprisingly adaptable to the 
much more important field of industrial application 
which is the subject of this invention. Measure- 
45 ments of displacements with nanometer resolution 
have been brought within the ambit of an industrial 
environment suited to optical fibre technology. 

The remainder of this description will be di- 
rected to the specific application of relative light 
50 intensity measurement to the photoelastic load cell. 
The photoelastic load cell as used in this in- 
vention comprises a birefringent photoelastic ma- 
terial. This means that there are three mutually 
perpendicular stress planes and that the str ss 
55 planes have different optical response properties in 
relation to stress. If there are three mutually or- 
thogonal stress axes x. y. z, a plane polarized 
incident light beam travelling through such a sub- 
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stance along the 2 axis will emerge as two waves, 
the light beam being split into an ordinary wave 
travelling at the nornnal speed of light in the me- 
dium and polarized perpendicular to the 2 axis 
(polarization being in the x direction) and an ex- 
traordinary wave polarized in the y direction. The 
extraordinary wave is retarded by a factor depen- 
dent upon the stress optical coefficient of the me- 
dium and the magnitude of the stress. 

The significance of this is that, provided the 
separate light output intensity of these two waves is 
sensed, by processing the waves through separate 
polarizing filters each having its own photo-detec- 
tor, the relative magnitude of the two signals be- 
comes a measure that can be translated to repre- 
sent the state of stress in the load cell. Note that 
the rate at which energy Is delivered by a light 
wave is a function of its speed and so the intensity 
sensed relates to the refractive index and so the 
stress. Whereas photodetectors can be used to 
measure the two optical signals to provide data 
which can be interpreted as a stress measurement, 
the preferred implementation of this invention is 
one for which the relative signal strengths are mea- 
sured by a rather special technique involving het- 
erodyne phase sensing. 

This will now be described by reference to Fig. 
6. In Fig. 6, a monochromatic light source such as 
a laser diode 61 is modulated by a heterodyne 
conversion unit 62 and the modulated optical out- 
put is transmitted through the optical fibre 63 and 
thence through a phase modulation detector 64 on 
through a collimator 65. After collimation the optical 
ray passes the plane polarizing filter 66 and thence 
through the quarter wave plate 67. From there the 
ray passes through the photoelastic transducer or 
load cell 68 and then through a further quarter 
wave plate 69. Note that the quarter wave plates 67 
and 69 are optional in the sense that they are only 
required if the load cell 68 is likely to experience 
forces from unexpected directions. 

The emerging light ray is then passed through 
a beam spreader 70 which guides the ray into a 
beam splitter 71 which divides the ray along two 
separate optical paths. The beam splitter 71 may 
be a semi reflective-mirror. One of the emergent 
beams is guided through a polarizing filter 72 with 
its plane of polarization set at an angle suitable for 
the range of the transducer. Normally this angle is 
the same as that governing the setting of plane 
polarizing filter 66. Thereafter the beam passes 
through the optical fibre 73 before entering as Input 
to the mixer circuit 74. 

The other emergent beam from the beam split- 
ter 71 is similarly guided through a polarizing filter 
75, which is set, by adjustment, to an angle suit- 
able for best results, and is collected in optical 
fibres 76 and 77. A lens 78 may be used to assist 
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the efficiency of the light path. Fibres 76 and 77 
pass through a light gate 79, under the control of 
an input from control circuit 80. This control circuit 
determines whether to pass light from fibre 76 or 

5 "77 on to the mixer circuit 74. 

The role of the mixer circuit 74 is to recombine 
the light beam passing through filter 75 with its 
counterpart passing through filter 72 and, by a 
summing operation, generate a signal having a 

70 modulation that represents the phase-shift referen- 
ced on that sensed by detector 64. 

In operation, when the control circuit 80 is' 
activated to pass light through fibre 76, the mixing 
of the beams, with their phase differences, results 

75 in a reference condition or phase that is constant 
irrespective of the stress condition of the 
photoelastic transducer, load cell 68. However, if 
the beam guided through fibre 77 is allowed to 
pass, the mixing of the beams in mixer circuit 74 

20 affords a phase measure which represents the 
stress condition of the load cell 68. 

Note that the optical fibres 73. 78 and 77 have 
different optical path lengths. The object is to mea- 
sure the relative intensity of two light signals and, 

25 by appropriately rnixing two signals of the same 
frequency derived from the same optical source, 
the relative intensity can be translated into a mea- 
sure of relative phase. 

As noted above, the invention here exploits a 

30 feature of photoelasticity, whereby the difference in 
stress along two principal axes of the load cell is 
represented by the difference in refractive indices 
along those axes. Given a monochromatic optical 
signal, the wavelength is proportional to refractive 

35 Index and time rate of change of wavelength dif- 
ference is a phase difference. 

Now, when a sinusoidal signal is divided to 
pass along two separate paths and they are added, 
after one has been retarded In phase relative to the 

40 other by 90* . they combine to produce a compos- 
ite signal, the phase of which, is a function of the 
relative amplitude of those merging signal compo- 
nents. It follows that if one can measure the phase 
shift with high precision one can thereby measure 

45 the relative strengths of those two signal compo- 
nents. 

The loop feature of optical fibres 73 and 77 in 
Fig. 6 signify propagation delays (corresponding to 
the above 90 • phase shift, which are set to deter- 

50 mine the phase shift needed at the optical fre- 
quency of the light source to optimise the stress 
sensing measure. 

To build a system having greater resolution in 
load cell stress measurement, the arrangement 

55 shown in Fig. 7 can be used. This is, in principle, 
similar to that of Fig. 6 and similar notation is used 
to identify the components. There are, however, 
additional beam splitters and optical fibre paths. 

9 



17 



EP 0 556 960 A2 



18 



The system involves a triple split fibre link provid- 
ing three paths which introduce delays that are. 
respectively, of one-quarter, one half, and three- 
quarter wavelength duration in relation to the path 
through fibre 73. 

The operation of this configuration has the ad- 
vantage of greater resolution in the stress measure- 
ment obtained and a linearization of the output 
signal relationship with stress being measured, 
achieved as a result of the steady roll of phase that 
occurs owing to the sequential extinctions of the 
filters which are set at 30-, 60- and 90% respec- 
tively. However, this arrangements suffers from the 
disadvantage of toeing more complex than that of 
Fig. 6. 

In another embodiment of the invention, as 
shown schematically in Fig. 8, there are two laser 
sources which have chromatic frequencies differing 
by a small amount, possibly 10%, but typically 
determined by the characteristics of the lasers that 
are inexpensive and readily available commercially. 
For example, a 670 nanometer wavelength laser 
and a 660 nanometer wavelength laser can be 
used. These two lasers send their respective out- 
puts through separate optical fibres but these out- 
puts are combined along a common optical fibre 
81 which supplies input to the heterodyne conver- 
sion unit 62. The remainder of the system (not 
shown) Is then much the same as that of either Fig. 
6 or Fig. 7. The extinction phases which are now 
sensed will be those determined by the beat fre- 
quency signal developed from the two laser sour- 
ces. 

In operation, with such a system, the incre- 
ments of the forces or stress on the load cell 68 
can now be measured by counting the beat fre- 
quency extinction phases developed by mixing of 
the polarized and retarded signals generated by 
the two lasers. This allows the resolution of the 
measurement of load cell stress to be multiplied by 
the ratio of the beat frequency to the monoch- 
romatic frequency, which is advantageous for high 
loads when the size of the transducer Is important. 

Furthermore, by selectively switching off or ob- 
structing the output of either laser, or bypassing 
the retardation loops through the optical fibres, the 
measurement can be calibrated by suitable elec- 
tronic control (not shown) and the resolution regu- 
lated to suit measures over different scale ranges. 

Note that, where the two laser system is used, 
both lasers are modulated by the same radio- 
frequency signal and that the facility offered by the 
two laser system will, normally, function with a 
single laser to determine a coarse value of position 
or load and the second laser output will be 
switched into action when the fine range measure- 
ment is needed. 



Figs. 9, 10. 11 and 12 depict, schematically, 
how a photoelastic load cell can be configured in 
relation to the optical paths of th system asso- 
ciated with interrogation circuitry. In each case the 
5 assumption is that, as viewed, there is a downward 
load or pressure acting on the load cell and the 
resulting strain patterns in the body of the cell 
affect the optical properties along the axes cor- 
responding to the various ray paths. 
10 In each of Figs. 9 to 12 the light ray source 62 

sends its output around a path through the body of 
the load cells 68 via reflecting surfaces (where 
necessary) and thence to the unit 82 depicted by 
the rectangular block in Figs. 6 and 7. The connec- 
75 tion between phase modulation detector 64 and 
mixer circuit 74 shown in Figs. 6 and 7 provides a 
modulation phase reference signal for the purposes 
already explained by reference to Fig. 5. 

Though not described by reference to the 
20 drawings, there are holographic techniques by 
which the focusing and polarizing roles of certain of 
the optical components can be combined into a 
single element. Thus a hologram formed as a coat- 
ing on the input end of the photoelastic load cell 68 
25 could serve to replace the functions of the collima- 
tor 65 and both the polarizing filter 66 and quarter 
wave plate 67. It is to be understood, therefore, that 
reference in the following claims to such optical 
components as discrete elements of the apparatus 
30 is intended to be construed as implying also func- 
tionally equivalent configurations, particularly where 
one or more hologram are used in the optical ray 
path for polarizing and focusing functions. 

Important applications of photelastic load cells 
35 of the form provided by this invention are in weigh- 
ing machines and pressure transducers, where it is 
Important that the operation remains reliable and 
immune from residual effects of external electrical 
and magnetic disturbances. The use of optical tran- 
40 sducers has, therefore, particular advantages but 
the practical application of the invention described 
above owes much to the technology by which 
inexpensive compact solid state electronic and op- 
tical structures can now be fabricated. The inven- 
45 tion allows that technology to advance into fields of 
application which have seen little change in recent 
decades. 

Claims 

50 

1. Measurement apparatus in which the condition 
or position of an optical transducer element is 
represented by the relative attenuation of the 
intensities of two optical signals tx)th derived 
55 from a common laser source which produces a 

light ray amplitude-modulated at a radio fre- 
quency, characterized in that (a) there are cir- 
cuit path means for dividing an input from the 
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laser source between a plurality of circuit paths 
each conveying a transmitted signal at the 

^ speed of light (b) propagation delay means in 

I at least one of the paths for retarding the 

respective transmitted signal, whereby the 5 
transmitted signals have different phase at the 
radio frequency (c) an optical transducer ele- 
ment positioned in the paths of the transmitted 
signals and operative to adjust relative signal 
intensity in dependence upon the state of the io 

I apparatus requiring measurement and as de- 

1 termined by that transducer, (d) circuit means 

for recombining the transmitted signals after 

1 attenuation to provide as a received signal a 

single electrical output, and (e) signal process- is 

' ing means for measuring the phase of the 

electrical output relative to the radio frequency 
modulating signal input controlling the laser 

j and interpreting this to provide the required 

measurement, the signal processing means in- 20 
corporating (f) heterodyne conversion means, 
whereby a phase-locked version of either the 
signal input or the electrical output is mixed 
with the other in each of a pair of mixer circuits 
to produce two throughput signals having an 25 
extended time-spaced measure of the phase. 

2- Apparatus according to claim 1, wherein the 

,,| circuit path means divide the input between 

two circuit paths and characterized in that the 30 
propagation delay means in one path comprise 
an extended path length which is effective at 
the propagation speed of the optical signal to 
retard Its modulation waveform in that path by 
a quarter wavelength relative to that of the 35 
signal in the other path. 

i 3. Apparatus according to claim 1, wherein the 

i circuit path means divide the input between 

I three circuit paths and characterized in that the 40 

propagation delay means in two of the paths 
comprise extended path lengths which are ef- 
fective at the propagation speed of the optical 
signals to retard their modulation waveforms 
by one third of a wavelength and two-thirds of 45 
a wavelength, respectively, relative to that of 
the signal in the other path. 

4. Apparatus according to claim 1, wherein the 

signal processing means for measuring the 50 
phase of the electrical output relative to the 
signal input comprise (a) timing means (b) an 
electronic circuit controlling the timing means 
and incorporating detector means responsive 
to said signal input and said electrical output to 55 
provide a measure of their relative phase shift, 
(c) signal amplitude control means for adjust- 
ing the amplitude of at least one of the elec- 

11 



trical input or the electrical output to bring their 
strengths into matching relationship and (d) 
two separate frequency conversion means of 
similar design, one being connected to re- 
spond to the signal input and the other being 
connected to respond to the electrical output 
to frequency-shift both by an identical reducing 
amount before they are supplied to the timing 
means, whereby to provide the phase input to 
the timing means at a longer wavelength and 
so extend the time measure representing 
phase, there being two parallel circuits, one 
through each frequency conversion means, 
and each comprising a ceramic filter and a 
mixer circuit but characterized in that one ce- 
ramic filter has fine-tuning control means and 
is slightly offset in frequency tuning with re- 
spect to the other ceramic filter, whereby to 
provide a speed data signal representing the 
rate at which the measured phase changes, 
which signal provides data processing input for 
interpretation in the signal processing means in 
providing the measurement and whereby the 
ceramic filters each obstruct throughput of all 
but a pure sinusoidal signal which is fed on- 
wards as input to a corresponding mixer cir- 
cuit, where it is subjected to heterodyne down- 
conversion of frequency by mixing with a sig- 
nal of a different control frequency supplied to 
both mixer circuits, the resulting output signals 
from these two parallel circuits providing the 
inputs for phase difference measurement in the 
timing means, whereby a phase-locked version 
of either the signal input or electrical output is 
mixed with the other to produce an extended 
time-spaced measure of their phase difference. 

5. Apparatus according to claim 1, wherein the 
optical rays from the laser source are carried 
by optical fibres, divided along different paths 
and merged into a single ray after passage 
through an optical occultation system and the 
apparatus is characterized in that the laser 
source has its optical output modulated in in- 
tensity sinusoidally at a high MHz frequency to 
provide a signal input characterized in phase 
by the waveform of the modulation at the MHz 
frequency and the propagation delay arises 
from the passive action of transmission 
through an optical fibre coiled to provide ad- 
ded path length, the modulation waveform be- 
ing the basis of the phase-lock action when 
processed electronically in the heterodyne 
conversion means. 

6. Apparatus according to claim 4, characterized 
in that the heterodyne conversion means de- 
rives its signal input to the relevant mixer cir- 
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cuit from direct connection between the laser 
and a ceramic filter supplying the mixer circuit, 
whereby the heterodyne conversion means op- 
erates with phase-locking as between a trans- 
mitting source and both receivers comprising 
the two mixer circuits. 

7. Apparatus according to claim 2, wherein the 
optical transducer element is a photoelastic 
sensor used for the measurement of mechani- 
cal stress, characterized in that the signal at- 
tenuation means comprise two coacting stress 
sensor elements formed from photo-elastic 
material rigidly coupled to a stress input arm 
which when subject to an applied force affects 
the stress in the two elements differentially and 
thereby causes the light attenuation properties 
of one element to vary with respect to that of 
the other element in measure related to the 
applied force. 

a Apparatus according to claim 7, characterized 
in that the sensor elements each have light 
polarizing gratings, mounted on opposite sur- 
faces and arranged In a cross-polarized man- 
ner on these opposite surfaces in a light ray 
path so that In the absence of applied stress 
affecting an element light throughput Is ob- 
structed, but when stress is applied to modify 
the light polarizing action of the element the 
overall light attenuation property of the element 
changes with applied stress to thereby facili- 
tate the stress measurement in terms of that 
attenuation. 

9. Apparatus according to Claim 1, wherein the 
optical transducer element is a load cell of 
photoelastic material, and there is a monoch- 
romatic laser source of polarized light provid- 
ing input along a ray path through the load 
cell, characterized in that a plurality of polariz- 
ing filters are incorporated In light intensity 
sensing means positioned to sense the light 
output from the ray path after passage through 
the load cell, said light intensity sensing means 
are responsive to the relative intensity of the 
separately polarized components of the light 
output as supplied through the different po- 
larizing filters, and electronic circuit means 
provide output data representing a measure of 
that relative intensity as an indication of a 
stressed condition of the load cell. 



primary measure using a single laser source, 
the two optical signals being, for the purpose 
of this supplementary test, merged into a com- 
posite light ray as input to the load cell, both 
optical signals being amplitude-modulated by 
the same radio frequency signal, whereby, 
owing to the extended wavelength of their beat 
period, a beat frequency signal set up between 
the two monochromatic frequencies serves as 
a fine measure of a load condition producing 
that stress condition thereby increasing the 
resolution sensitivity of the measurement. 
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10. Apparatus according to Claim 9, characterized 

in that it incorporates two laser sources having 56 
different monochromatic frequencies which 
provide two optical signals which provide a 
supplementary test facility to supplement the 
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@ Precision displacement and load measurements 
dependent upon the intensity or attenuation of a 
signal, as by use of Moire fringe gratings (5) or 
photoelastic load cells, are made using speed-of- 
light ranging techniques based on heterodyne fre- 
quency conversion with multiple phase-locking. Coil- 
ed optical fibres (8,9) Introduce phase delays in 
radio-frequency-modulated laser rays which are then 
compounded in phase by selective signal attenuation 



and merger. The phase is then measured by high 
precision circuits involving ceramic filters and trans- 
lated into position or load data. Machine tool control 
and strain gauge applications are described. The 
ceramic filter circuit generates a signal measuring 
rate of change of displacement as a by-product, 
thereby facilitating measurements involving rapid 
motion. 
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